Abstruct-The effect of fiber polarization mode dispersion (PMD) on a coherent optical system with pilot carrier is twofold. First, the PMD causes state of polarization (SOP) mismatch between the message signal and pilot carrier. Second, the degrees of polarization (DOP) of the message signal and pilot carrier are degraded by PMD. Because coherrnt reception relies both on the SOP'S and DOP's of the waves, system performance is degraded by PMD. The effect of SOP mismatch causes intermediate frequency (IF) signal amplitude degradation whereas DOP variation not only results in IF signal amplitude degradation but further induces IF noises. Here we derive analytical expressions to evaluate the performance degradation. It is shown that there is no performance degradation if only one principle state of polarization is excited and maximum degradation occurs when both principle states of polarization are equally excited. We also find that significant degradation may happen when large differential group delay exists.
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Abstruct-The effect of fiber polarization mode dispersion (PMD) on a coherent optical system with pilot carrier is twofold. First, the PMD causes state of polarization (SOP) mismatch between the message signal and pilot carrier. Second, the degrees of polarization (DOP) of the message signal and pilot carrier are degraded by PMD. Because coherrnt reception relies both on the SOP'S and DOP's of the waves, system performance is degraded by PMD. The effect of SOP mismatch causes intermediate frequency (IF) signal amplitude degradation whereas DOP variation not only results in IF signal amplitude degradation but further induces IF noises. Here we derive analytical expressions to evaluate the performance degradation. It is shown that there is no performance degradation if only one principle state of polarization is excited and maximum degradation occurs when both principle states of polarization are equally excited. We also find that significant degradation may happen when large differential group delay exists. I. INTRODUCTION OHERENT optical communications attracted worldwide C research interests in the past decade. The increased receiver sensitivity and tuning capability are two salient features of coherent systems over intensity modulation systems. However, because of the need of a local oscillator (LO) whose SOP must match that of the incoming message signal, a coherent receiver is inevitably complicated and is difficult to implement. Approaches to release this difficulty has been proposed. For example, we can use the carrier amplification technique to eliminate the need of LO laser, [l] , [ 2 ] . By selectively amplifying the carrier at the receiving end, the carrier can play the same role as an LO so that simple reception is achievable. On the other hand, it is realized that a highpower LO laser indeed can be shared by many receivers and therefore it can be placed at a distribution center [3] or at a remote hub [4] and distributed with the message signal to many receivers. As the LO carrier already presents in the distribution fiber, the LO laser and its associated circuitry in an usual coherent receiver are eliminated and direct detection receiver can be used to receive coherent signal. In the above coherent systems, the LO signal is not locally generated at the receiver but coming with the message signal through the distribution fiber. The LO signal now behaves like a pilot carrier associated with the message signal which eases coherent detection. mode fiber because two orthogonally polarized eigenmodes can simultaneously propagate. Usually the two eigenmodes do have different propagation constants due to imperfection in fiber manufacture and deployment which results in PMD Therefore, a linearly polarized wave launched at the fiber input will in general become elliptically polarized at the output because of PMD [5] . Also the DOP of a lightwave, defined as the ratio of the intensity of the completely polarized component to the total intensity, will be affected by PMD as the wave propagates along a fiber [6] . Thus the PMD changes both SOP and DOP of a propagating wave.
In a coherent optical system with a pilot carrier, for example the LO pilot carrier mentioned above, we match the SOP of the pilot carrier with that of the message signal at the transmitting end and distribute them through single-mode fiber to receivers. Because of PMD in the distribution fiber, the SOP'S and DOP's of the received message signal and pilot carrier are changed. Because coherent reception relies on both SOP's and DOP's of the message signal and pilot carrier, system performance is expected to be degraded by PMD. A worst-case study which considered the degradation due to SOP only was carried out in [7] . Here a complete treatment of the problem is performed by considering both the effects of SOP and DOP and general results are provided to evaluate the performance degradation.
ANALYSIS
To study the effect of PMD on system performance, we adopt the formulation of principal states of polarization (PSP's) [S] . The model provides a simple way to describe PMD without knowing the details along the fiber which is useful in practical applications. It is shown that there exists two orthogonal input PSP's whose corresponding output SOP's are invariant with frequency to first-order only if there is negligible polarization-dependent loss. In the following the effect of SOP is studied first, then we consider the effect of DOP degradation, and finally both effects are combined to evaluate the total impact of PMD on system performance.
A. Effect of SOP
An incident optical wave in a fiber will in general excite two P_SP's ayd its optical power is carried by the two PSP's. Let E, and E, denote the fields of the message signal and the pilot carrier, respectively, which are linearly polarized along the same direction and are incident on a single-mode fiber.
In general, the waves will each excite two PSP's and their (2) where A,,,, tus,+ and 4,,, denote the amplitudes, angular frequencies, and phases of the two waves, respectively. Here the phase information m(t) is carried by the two PSP's of 2,. c* stand for the expansion coefficients along the two PSP's. Since the two waves are linearly polarized along the same direction, we assume that they have the same expansion coefficients along the two PSP's. We further normalize c* such that
With negligible polarization-dependent loss, the received fields can be formulated as [9] l?, The differential group delay rp which causes time delay between the information m(t) and m(t -T~) will degrade the eye opening at decision level which had been reported in [8] .
Here for simplicity we assume T~ is small compare to a bit duration such that m(t -T~) is taken to be the same as m(t)
in the following analyses. We can reformulate i I F ( t ) as
with where a is the fiber loss, L is the length, and T~ is the differential group delay between the two PSP's. denote the corresponding output SOP'S of whereas are the corresponding phases. Here for simplicity we assume the DOP's of the pilot carrier and the message signal are preserved along the transmission fiber. The degradation caused by DOP will be discussed latter. Since the output PSP's are independent of frequency to first-order and the frequency deviation between theAtwo waves is small, in the following we take b*(w,) = b*(wc). The output PSP's are functions of the details of fiber birefringence and the perturbations through the propagation path which are difficult to be explicitly expressed. However, they do preserve the unitary and orthogonal properties [5] , written as
where E' is a constant phase delay.
It is evident by observing (10) and (14) that the constant phases and E' are irrelevant to the IF signal. The degradation caused by PMD is solely determined by the factor D1 which depends both on c* as well as A0. It is easy to show
which indicates that the PMD will in general degrade the IF signal amplitude. For the special case that only one PSP is excited (c: = 1 and c? = 0, or vice versa), we have D1 = 1. Also D1 = 1 when A0 = 0, is independent of c*. It is easy to show that the minimum value of D1, corresponding to the worst case degradation, occurs when c$ = 0.5, i.e., the two PSP's are equally excited.
The factor A0 can be estimated from the differential group delay between the two PSP's. Let be regarded as the sum of a completely polarized wave and a completely depolarized wave which have uncorrelated phases [lo] . It is the completely polarized components of the two waves that contribute to the IF signal whereas the depolarized components, which are completely randomly polarized, will introduce additional noise to the IF signal. At the plane perpendicular to the propagation direction, the received fields can be expressed by the completely polarized and depolarized components. To simplify the analysis we assume, without loss of generality, the completely polarized components of the waves be linearly polarized and point along the same direction defined by a unit vector 3. Note here the completely polarized components of the two waves have the same SOP while the affect of SOP mismatch, which had been discussed previously is neglected. The received waves are expressed as
B. Effect of DOP
Even though a completely polarized wave is launched at the transmitting end, the received wave is in general partially polarized due to the presence of PMD [6] . The field of a partially polarized wave can be formulated as
where and E'dep are the completely polarized and depolarized components of 8, respectively, and they have uncorrelated phases [lo] . The total intensity of the wave is given
where Ipol and Idep are the intensities of the completely polarized and depolarized components, respectively. The completely depolarized component has the same property as natural light that its intensity in any direction perpe_ndicular to the propagation direction is the same. The DOP of E is defined as (25)
which is the ratio of the intensity of the completely polarized component to total intensity. and WIF and A+ are given as before. Here the terms result from the cross product of the two depolarized components, which should be much smaller than the other terms for reasonable system performance, are neglected. Note that in addition to the cross product of the completely polarized components, two noises resulting from the cross product of the polarized and depolarized components, are present in the IF signal. Consequently, the affect of DOP on the IF signal is twofold.
First, it degrades the signal amplitude by a factor m. It is clear that the amplitude and phase noises are nonGaussian noises because the distributions of cos @, , , are nonGaussian. Because of the non-Gaussian noises, it is difficult to compare these noises with the other receiver noises which are usually Gaussian distributed. The problem becomes even more complicated because the affect of these noises on system performance should be evaluated after nonlinear demodulation and baseband filtering. Instead of getting into these details, here for simplicity we calculate their variances and define a polarized signal to depolarized noise ratio at the IF stage. Using the fact that are uniformly distributed within [0,27r] , the variances of 2 and A are obtained as
We further define the polarized signal to depolarized noise ratio for the amplitude noise, which is the polarized signal power to noise variance, is obtained as
DISCUSSION
We have shown that the IF signal degradation results from the PMD induced SOP mismatch and DOP degradation. The affect caused by SOP mismatch is the amplitude degradation of the IF signal whereas DOP causes IF signal amplitude degradation as well as additional IF noises.
A statistical treatment reveals that the differential group delay rp is proportional to the square root of fiber length if the length is far larger than the correlation length of perturbations [12] . Let ru denote the differential group delay per unit square root fiber length. Then
For a completely polarized wave incident on the fiber, P = 1, the DOP at the receiving end is given as [6]
where e* are again the expansion coefficients and the parameter y is Under the worst-case condition that both PSP's are equally excited, from (22) Let the pilot carrier have a Lorentzian spectral distribution with linewidth Qw,, then the parameter y for the pilot carrier is given as [6] yC = exp(-Qw,-T,).
(49)
The spectral distribution of the message signal depends on the light source and the modulation which varies widely. In the following we consider a coherent minimum shift keying (MSK) signal with power spectral density [13]:
where T is the bit duration and for simplicity we assume the source linewidth be small compared with the bit rate so that the spectrum mainly determined by the MSK modulation. The formulation given here can be applied to other modulation formats like PSK or FSK which have different power spectral densities and may result in different DOP degradation. With V(w) we can calculate the parameter ys of the message signal and then obtain its DOP.
The amplitude degradation factor D as a function of fiber length is shown in Fig. 1 for WI F = 2n x 8 GHz. The degradation is little if T~ is small but becomes significant when T~ is large. We further note that D decreases about linearly with fiber length. To understand the relative contribution of SOP and DOP to the degradation factor D, we show in Fig. 2 we see that K is large and 0 : is small, consequently the affect of the depolarized noise is expected to be insignificant. However, if there is severe DOP degradation along the transmission fiber, the affect of the depolarized noises could be pronounced which may significantly degrade system performance. In this case more careful study is necessary to evaluate the real impact of the depolarized noises on the system performance after demodulation and baseband filtering. In summary we have evaluated the performance degradation due to polarization mode dispersion in a coherent optical system with pilot carrier. Both the PMD induced SOP and DOP changes are analyzed. The affect of SOP causes IF signal amplitude degradation which depends on the fiber length, the unit differential group delay, and the intermediate frequency.
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